Abstract Video games are becoming an increasingly popular form of entertainment, yet many individuals have difficulty controlling their level of video game play, entering into a territory of clinical concern termed pathological gaming. Pathological gaming is associated with higher rates of mental illness and bears a strong resemblance to substance use disorders (SUDs). Diagnostic criteria proposed for BInternet gaming disorder^in the appendix of the Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition (DSM-5) share similar criteria to many SUDs. This review highlights research on the epidemiological, psychiatric, neurobiological, and psychological characteristics of pathological gaming, and how these overlap with SUDs. Research suggests that early substance use or pathological gaming may increase the odds of developing either. Neurobiological research indicates that pathological gaming shares numerous characteristics with SUDs, though distinct features are evident. Impulsivity is reviewed here as a psychological mechanism involved in the predisposition to pathological gaming. Finally, there are several potential treatments for pathological gaming, though thorough clinical testing is still needed. Given the comorbidity and neurobiological similarities of pathological gaming and SUDs, existing therapies for SUDs hold promise for the treatment of pathological gaming.
Introduction
Mainstream video games have existed since the early 1970s, and their popularity has steadily grown ever since. Global video gaming revenue increased from approximately US$25 billion to US$68 billion from 2003 to 2013 [1, 2] , with online gaming being the largest platform for increased gaming revenue. In recent years, video game play has been recognized to have the potential for harm when it disrupts an individual's healthy functioning in social, occupational, or academic settings. This Bpathological video gaming^occurs with persistent, recurrent, and excessive video game play in which the player loses some control over the ability to devote personal resources to other aspects of life [3, 4] .
The first reports of pathological gaming began to appear with the rise of video and computer game technology in the early 1980s, indicating that the advanced visual and cognitive stimulation of video games is central to pathological gaming (e.g., compared to card or board games). For instance, one early report from 1983 was written after a college student sought help from a professor for reported video gaming addiction [5•] . The concept of gaming as an addictive disorder continued to develop as adolescent males self-reported being Bhooked^to games they played [6] .
The more recent emergence of pathological video gaming as a serious concern is highlighted by its inclusion in the Study^ [7••] , under the term, BInternet Gaming Disorder( IGD). Because Internet use is not a required element for pathological video game play, we employ the term Bpathological gaming^here, though alternative phrases are present throughout the literature, despite nearly identical criteria, including Binternet gaming disorder,^Bproblematic video gaming^ [8, 9 ••], Bvideo game addiction^ [10] [11] [12] , and Bpathological video game use^ [13] [14] [15] [16] .
Estimates on the prevalence of pathological gaming typically range from approximately 3 to 12 % [14, 15, 17, 18] , with higher rates found in young males. Prevalence rates vary among different countries, presumably due to differences in cultural influence. Several Asian countries have consistently been reported as having higher rates of pathological gaming than other areas of the world [19] . In addition, prevalence estimates have been limited by a lack of consensus on the criteria to distinguish pathological gaming. For instance, a variety of screening tools have been used in pathological gaming research, such as the Gaming Addiction Identification Test (GAIT) [20] , the Chen Internet Addiction Scale (CIAS) [21] , and the Video Game Addiction Test (VAT) [22] . The inclusion of Internet gaming disorder to the DSM-5 appendix [7• •] has created a common set of criteria that many pathological gaming researchers are now adopting [23•, 24] .
Pathological gaming is associated with mental health concerns, presumably with a bidirectional relationship. Several studies have found poorer academic performance in children and adolescents who report higher amounts of video game play or have been identified as pathological gamers [9••, 14, 25-27] , although there is inconsistent research on whether low to moderate levels of video game play are related to academic performance [28] . Several studies have shown increased rates of depression and suicidal ideation in pathological gamers [9••, 29-32] with some interestingly noting more severe depression in adolescent girls than boys [9••, 30] . Pathological gaming has also been associated with increased rates of bipolar disorder [33] , as well as borderline personality disorder and dissociative symptoms [34] . In addition, the sheer amount of time that video game players spend playing games is often considered to be excessive. For example, a study of Singaporean primary and secondary students with an average age of 11.2 who reported some video game play were averaging 20.2 h per week (22.1 for boys and 18.2 for girls), according to self-reports [13] .
In addition to shared features with psychiatric disorders, pathological gaming bears even greater resemblance to substance use disorders (SUDs), as outlined below. The similarities raise questions about whether the two disorders share common underlying traits. Characterizing the overlap between these diagnoses, both in terms of comorbidity and etiology, can help establish optimal treatment strategies for youth with pathological gaming problems. To that end, this article explores recent literature to update the reader on the current evidence of similarities between pathological gaming and SUDs in symptomatology and underlying neurobiology and addresses future directions for treatment.
Similarities of Pathological Gaming and Substance Use Disorders
The proposed criteria for Internet Gaming Disorder in the DSM-5 include many similarities to criteria used to diagnose SUDs [7••] (Table 1 ). For instance, criteria 1 and 5 of Internet Gaming Disorder necessitate a fixation on gaming, akin to how an individual with a SUD becomes fixated on the drug of choice. Interestingly, Wan [35] reported that adolescent online pathological gamers play games to avoid dissatisfaction with not playing games, rather than to reach an actual satisfied mood, analogous to withdrawal in SUDs. Criteria 6 and 9 of Internet gaming disorder are virtually identical to DSM-5 SUD criteria, while lying to conceal involvement is similar to a criterion for gambling disorder.
Thus, nearly all of the current proposed criteria for Internet gaming disorder are analogous to those used to diagnose DSM-5 SUDs or to commonly recognized features of SUDs. One small distinction is that tolerance is manifest in Internet gaming disorder when an individual increases the amount of time playing a game to attain a desired level of satisfaction. In contrast, individuals with SUDs often switch to more rewarding substances as their disorder progresses and tolerance to the current drug of choice has developed. Pathological gamers have also been shown to compensate for tolerance by changing to more attention-demanding and socially rewarding game types such as the most popular massively multiplayer online games (MMOs) [36] . 
Comorbidity of Pathological Gaming and Substance Use
Given the similarities in diagnostic criteria, it is important to consider actual reported comorbidity of pathological gaming and substance use. We review here the recent literature on pathological gaming and substance use. Among self-reports of secondary students, pathological gaming has been shown to be associated with increased relative risks of tobacco, alcohol, and cannabis use [9••, 37, 38•, 39] . Earlier consumption of tobacco, alcohol, or cannabis use in 11-17-year-olds is associated with increased odds of pathological gaming [38•] . Alcohol consumption before age 13 is associated with increased frequency of video game play [39] , and quantity of alcohol consumed has been shown to be positively correlated with time spent playing video games [37, 38•] . Prevalence of alcohol abuse has also been found to increase with time spent playing video games [40] . Adult smokers have been shown to play video games more frequently and for longer periods compared to non-smokers [41] . Thus, although there is limited research investigating the comorbidity of substance use and pathological gaming, growing evidence suggests that they co-occur and that the presence of one may indicate an increased likelihood of the other.
Neurobiology of Pathological Video Gaming
Neurobiological research is increasingly informing the field of psychiatry in order to understand psychopathology as well as to help identify potential interventions. Kuss and Griffiths, as well as Weinstein and Lejoyeux, provide recent reviews of neuroimaging studies on pathological gaming [42, 43] . Their work highlighted neurobiological and behavioral similarities between pathological gaming and SUDs. In this section, we synthesize more recent studies that characterize the structural and functional neurobiology of pathological gaming with an emphasis on findings shared with those reported in individuals with SUDs.
Brain Structure
Numerous studies have investigated both gray and white matter characteristics of individuals with pathological gaming. Most of these investigations report lower gray matter volume in several regions, in particular orbitofrontal and prefrontal cortices, cingulate gyrus, and the insula, when compared to healthy controls [44] [45] [46] . Alternatively, there are several investigations indicating that video game players, especially Bexperts,^have greater gray matter volume in regions involved in spatial awareness, including parietal cortex, hippocampus, and the frontal eye fields [47] [48] [49] [50] , which may reflect neurobiological effects of extensive video game playing on visuo-spatial networks.
Neuroimaging studies of white matter density or microstructural characteristics (e.g., fractional anisotropy, FA) typically indicate less developed white matter (lower density or FA) throughout the brain in those presenting pathological gaming traits [46, 51, 52] . This relationship is potentially strongest within frontal-limbic circuitry connecting inferior frontal gyrus, anterior cingulate, insula, and limbic and striatal regions. These measures indicate poor maturation of white matter tracts and have been associated with impaired executive functions, including self-control [53] [54] [55] [56] .
Dopaminergic Function
Both video gaming and substance use are known to stimulate dopamine release from the striatum [57] [58] [59] , though the relative levels are not clear. Increased dopamine release into the striatum has been postulated as a trigger for changes in the dopaminergic pathway and development of addictive behavior [60] . Pathological gaming has been associated with reduced dopaminergic transporters [61, 62] , but it is not clear whether video games are a cause or effect of these changes. For instance, co-occurring substance use in pathological gamers may be contributing at least in part to alteration of the dopaminergic system in gamers. Pathological gamers may feel the need to play excessively to reach similar stimulation or reward levels as others, or dopaminergic changes may result from extensive play and the development of tolerance to these rewards [63] . There is evidence that adolescents with pathological gaming are more likely to have the Taq1A1 allele of the dopamine D2 receptor, which indicates a biological predisposition to a lower number of D2 receptors [64] . Overall, these dopaminergic mechanisms are fundamentally similar to the development and maintenance of SUDs.
Functional Connectivity
Functional connectivity (FC) in functional magnetic resonance imaging (fMRI) uses time-series correlations between activities in different brain regions to show evidence of statistical association [65] . Several studies have compared FC in individuals with pathological gaming to those with SUDs. Ko et al. showed that pathological gaming was associated with reduced FC between the amygdala and the dorsolateral prefrontal cortex (DLPFC) and orbital frontal lobe [66] . This study also showed a negative correlation between impulsivity scores and amygdala-DLPFC FC, reflecting the potential importance of this connection in the increased impulsivity often present in pathological gamers. The same study also showed pathological gamers had increased FC between the amygdala and the insula, an area implicated in affective and anxiety symptoms associated with pathological gaming. Reduced interhemispheric FC in portions of the frontal gyrus has also been associated with pathological gaming [67] .
A comparison of pathological gamers and a separate alcohol dependence (AD) group found increased FC between the DLPFC, cingulate, and cerebellum [68•] . Decreased FC was also found in the pathological gaming group between the DLPFC, temporal lobe, and striatal areas; this relationship was not present in the AD group. Similarly, local intrinsic connectivity was found to be increased in the posterior cingulate cortex (PCC) of both pathological gamers and a separate alcohol use disorder group, but decreased only in the right superior temporal gyrus in pathological gamers [69•] . These findings suggest underlying neurobiological similarities of pathological gaming with alcoholism, but that pathological gaming demonstrates distinct neurobiological characteristics as well.
Task-Based Neuroimaging Studies
Among the shared features of SUDs and pathological gaming, cravings are particularly amenable to study using tasks carried out in the fMRI scanner. Pathological gamers have been shown to experience cravings similarly to cravings in SUDs [70] . For example, Ko et al. [71• •] examined pathological gamers who also met the criteria for nicotine dependence (n=16; comorbid group). Participants were shown various smoking-related, gaming-related, and neutral images while undergoing fMRI. The results showed that, compared to controls (n=16), the comorbid group had higher activation during both smoking-related and gaming-related images in the areas of the bilateral parahippocampal gyrus and anterior cingulate cortex. The result suggests a similar underlying neurobiological response fo r these different cravings. T he parahippocampus has also been implicated as an area of abnormal activation in pathological gambling [72•, 73] .
When current pathological gamers were compared to former pathological gamers who had not met criteria for pathological gaming for 1 year, the current pathological gamers were found to have higher cue-induced responses to gaming images than the remission group [74] . Thus, the neurobiological markers of gaming cravings evidently dissipated in the absence of continued pathological gaming. In this study, Ko et al. found increased gaming cue-induced response in the current gamers in the precuneus, left parahippocampus, posterior cingulate, right anterior cingulate, and bilateral DLPFC. They suggest the processing of gaming cue-induced response through these structures is in accordance with the neurobiological addiction model proposed by Volkow and colleagues [75•] . These findings, taken together, suggest underlying similarities in the neural processing of video game stimuli in pathological gamers and substance use stimuli in SUDs.
Pathological Gaming and Impulsivity
Impulsivity is likely a core underlying psychological mechanism involved in the onset and maintenance of pathological gaming. This hypothesis follows substantial research tying impulsivity to substance use disorders [76] [77] [78] [79] [80] [81] . Both child and adult pathological gamers have consistently demonstrated greater impulsivity using both questionnaire and task measures compared to control participants [48, 66, 82] . For instance, greater childhood video game exposure is related to problems with impulse control and attention [14, 83, 84] and gamers with frequent role-playing game use have been shown to have impaired motor response inhibition [85] .
Pathological gaming is also associated with impulsive decision-making, including a greater preference for immediate rewards (sometimes known as impulsive choice). For example, on delay discounting tasks, pathological gamers place a relatively higher value on smaller, more immediate financial rewards than delayed rewards [85, 86] , compared to a control sample. In addition, Yao et al. used a modified version of the Cups task [87] to evaluate impulsivity in decision-making choices involving risk [88••] . In that study, pathological gamers had increased impulsivity in disadvantageous risky decisions involving potential losses (loss domain) as compared to controls. However, there was no significant difference in impulsivity measures in risky decisions involving potential increased gains by taking risk. Further, higher severity scores on the measure of pathological gaming severity (CIAS) in this study were correlated with higher levels of impulsivity in the loss domain. These results suggest that pathological gamers are less conscientious of potential negative risks of their behavior, instead focusing more on the immediate gratification that video game play provides.
High impulsivity could also be a trait inherent to those individuals at a higher risk to become pathological gamers. These individuals have poorer control of behavioral and motivational drives to play video games, and they are less responsive to negative consequences of excessive gaming on their occupations, relationships, and physical health. However, the degree to which impulsivity may be impacted by video game play is not clear. Since many video games reward impulsive actions or provide intense visual stimuli, playing these games may further increase impulsivity, although this possibility likely depends on game characteristics. A similar cycle has been hypothesized with substance use, as impulsivity is both a risk factor and potential consequence of use [89] . Thus, impulsivity is likely a common underlying mechanism that accounts for similar symptom presentations in pathological gaming and SUDs.
Assessment and Treatment
There is currently no consensus or Bgold standard^approach to evaluate or screen for pathological gaming. The GAIT, CIAS, and VAT have all been established as effective screening tools for pathological gaming which use similar, but not identical, questions. Yet, newer studies are increasingly using DSM-5 criteria for Internet gaming disorder to distinguish pathologic from non-pathologic gaming [23•] . This set of criteria can be helpful in standardizing the selected research population in studies of pathological gaming. For research purposes, the most appropriate severity rating scale for pathological gaming appears to be the 27-item Internet Gaming Disorder Scale (or the shortened 9-item version), which quantifies satisfaction of the DSM-5 criteria [23•] and does not specifically refer to online use. For clinical purposes and research in which it is feasible, a more optimal assessment would be a semi-structured interview based on the DSM-5 criteria, guidelines for which need to be developed.
Thus far, few treatment options for pathological gaming have been rigorously evaluated. After 6 weeks of treatment with bupropion sustained release (SR), pathological gamers (n=11) of the online strategy game Starcraft self-reported reductions in cravings for game play and total game play time [72•] . Subjects in this study were also found to have reduced gaming cue-induced responses in the DLPFC at the end of the trial as compared to the start of the treatment. In a study of male subjects (n=57) with comorbid major depressive disorder and pathological online gaming, bupropion plus Internetuse education was more efficacious than placebo plus Internet-use education in reducing scores on the Beck Depression Inventory [90] and Young's Internet addiction scale (YIAS), and reported online game play time [91] . Children with attention-deficit/hyperactivity disorder (ADHD) who played Internet video games have been shown to have lower scores on YIAS and lower reported time spent playing Internet video games after 8 weeks of treatment with methylphenidate [92] . Non-pharmacological treatments are also promising. Adolescent pathological gamers who were treated with 3 weeks of family therapy targeting increased family cohesion were found to report less online game play time at the end of the 3 weeks and had increased activity in the caudate nucleus in response to parental affection at the end of the treatment (compared to before the initiation of therapy) [93] .
While limited in number and scope, these studies demonstrate that psychopharmacologic and psychotherapeutic techniques may hold promise in the treatment of pathological gaming. Given the overall similarity of pathological gaming to SUDs, other treatments that have been implicated as useful in SUDs may show more promise in the treatment of pathological gaming. In particular, a reduction of cravings for game play in pathological gaming may be a particularly important focus in treatment, as it currently is in many SUDs. For example, given that early alcohol use appears to increase the odds of pathological gaming and FC similarities are present between alcohol dependence and pathological gaming, naltrexone may have efficacy in treatment for pathological gaming because of its proven efficacy for treating alcohol cravings [94] [95] [96] . In addition, varenicline has previously been demonstrated as an effective treatment for nicotine cravings [97] [98] [99] [100] and may have efficacy in treating pathological gaming cravings given the neurobiological similarities of pathological gaming and nicotine cravings. In addition, treatment strategies should be informed by comorbid disorders that may underlie or perpetuate gaming behavior, including ADHD, depression, and SUDs.
Conclusions
In summary, pathological gaming is emerging as an increasing worldwide concern in both adolescents and young adults and it shares many underlying features with SUDs. Similar criteria are used to describe both disorders and SUDs are present at a higher rate in those with pathological gaming. Research shows overlapping, but not identical, neurobiological features of pathological gaming with SUDs, although such research is limited. These findings point to strong cravings for gaming or substance rewards, potentially driven by dopaminergic abnormalities, and impulsivity underlying the inability to control the drive toward these rewards. Assessment of pathological gaming is improving with DSM-5 criteria for Internet gaming disorder, which provide a standardized set of the best diagnostic criteria available to define pathological gaming. There are several potential treatment options for pathological gaming but these have not been researched extensively. Given the similarities of pathological gaming to SUDs, accepted treatments for some SUDs may be useful in treatment for pathological gaming.
There are several additional research areas that we suggest as important for future work. First, research into different gaming genres or contexts is essential to discovering whether there may be subtypes of pathological video gaming (e.g., offline play, comparing social vs. nonsocial play, understanding the influence of in-game violence). Next, individuals' motivations for playing video games should be examined (e.g., investigating the degree to which role-playing games provide an escape from real-world problems) and integrated into neurocognitive models and potential treatment strategies, particularly with therapeutic interventions. Third, further neuroimaging studies would help elucidate neural underpinnings and risk factors in these individuals. Including relatives of known pathological gamers, and measuring potential genetic and social vulnerabilities, would help form a more complete model of how biological and environmental factors interact to increase risk for pathological gaming and related disorders. Also, studies comparing groups with pathological gaming and SUDs and other psychiatric disorders are warranted. Abnormal attachment may be another area to explore in pathological gaming as some individuals may excessively play video games to compensate for poorly formed attachment. Vice versa, early excessive video game play may inhibit youth from forming early life relationships that are essential to the development of normal attachment. Finally, because it is more common than SUDs in the pre-teen age range, investigating pathological gaming in these youth may provide helpful insight into the psychological and neurobiological foundations of addictive behaviors, including the degree to which video game habits predict later risk for SUDs.
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